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Edited by Stuart FergusonAbstract The twin-arginine translocation (Tat) pathway trans-
locates folded proteins across the cytoplasmic membrane. Pro-
teins transported through this secretion system typically carry
two arginine residues in their signal peptide that is cleaved oﬀ
during translocation. Recently, we demonstrated the presence
of the Tat pathway in Legionella pneumophila Philadelphia-1
and the Rieske Fe/S protein PetA was one of the predicted Tat
substrates. Because we observed that the signal peptide of PetA
is not processed and that this protein is still membrane associated
in the tat mutants, correct membrane insertion was assayed using
a trypsin sensitivity assay. We conclude that the Tat pathway is
necessary for correct membrane insertion of L. pneumophila
PetA.
 2006 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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The twin-arginine translocation (Tat) pathway is a protein
secretion system that translocates folded proteins across the
cytoplasmic membrane. Substrates transported by the Tat
pathway are typically characterized by two arginine residues
in their signal peptide, embedded in the conserved motif
R-R-x-u–u (with x any amino acid and u a hydrophobic
residue) [1]. This secretion pathway plays an important role
in the virulence of diﬀerent human and plant pathogens and
was recently identiﬁed and characterized in the Gram-negative
facultative intracellular lung pathogen Legionella pneumophila
[2–4]. Based on the conserved twin-arginine motif of Tat sub-
strates, an in silico analysis was performed in order to predict
possible L. pneumophila Tat substrates. In this way, amongst
others, the L. pneumophila Philadelphia-1 Rieske iron–sulfur
(Fe/S) protein PetA was predicted to be a Tat substrate [3].
The Rieske Fe/S protein, ﬁrst described and isolated by
Rieske et al. from bovine heart bc1 complex [5], is an essential*Corresponding author. Fax: +32 16 33 73 40.
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doi:10.1016/j.febslet.2006.12.022subunit of mitochondrial and bacterial bc1 complexes, which
are central redox carriers in respiratory electron transport
chains. The Rieske protein can also be a subunit of the chloro-
plast and cyanobacterial b6f complex that is phylogenetically
and functionally similar to the bc1 complex and plays a role
in photosynthetic electron transport [6]. The bacterial bc1 com-
plex or ubiquinol-cytochrome c reductase is found in Gram-
negative as well as in Gram-positive bacteria. In phototrophic
bacteria the complex functions in both respiratory and photo-
synthetic electron transport. It is situated at the cytoplasmic
membrane and consists, besides the Rieske protein, of two
other subunits: cytochrome b and cytochrome c1. The ubiqui-
nol–cytochrome c reductase oxidizes ubiquinol at the mem-
brane and reduces cytochrome c in the periplasm, in case of
Gram-negative bacteria [7].
In Gram-negative bacteria, the C-terminal hydrophilic do-
main of the Rieske Fe/S protein is exposed in the periplasmic
space and provides the ligands for the iron–sulfur cluster.
For the biosynthesis of the iron–sulfur cluster there is a need
for cysteine and ferrous iron, which are both present in the
cytoplasm. Furthermore, some cytoplasmic proteins are used
as a scaﬀold on which the iron–sulfur cluster is formed before
it is transferred to the target protein [8]. Therefore, the iron–
sulfur cluster is already inserted before transport takes place
and the protein is folded prior to translocation. Consequently,
the Rieske Fe/S protein, containing a twin-arginine motif in its
signal peptide, is generally transported by the twin-arginine
translocation (Tat) pathway. However, it is known that in
mitochondria, plant chloroplasts and cyanobacterial systems
the signal peptide functions as a membrane anchor and is
not cleaved [9–11]. Recently, for the Gram-negative bacterium
Paracoccus denitriﬁcans it was shown that the Rieske signal
peptide simultaneously serves as a non-cleavable Tat signal
peptide and as a membrane anchor [12].
The Rieske Fe/S proteins belong to one of the two classes of
Tat-dependent integral membrane proteins with one trans-
membrane domain and a large periplasmic located domain.
A ﬁrst class of Tat-dependent integral membrane proteins
are proteins with a C-terminal transmembrane helix. It has
been suggested that the hydrophobic transmembrane helices
act as ‘stop-transfer’ domains, followed by a lateral movement
of these helices in the lipid bilayer, analogous to the SRP/Sec
system for membrane integration of unfolded proteins
[13,14]. The Rieske Fe/S proteins belong to the second class
of Tat substrates that are integral membrane proteins withblished by Elsevier B.V. All rights reserved.
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nal transmembrane anchor [9,11].
Although Rieske Fe/S proteins were shown to be Tat-depen-
dent, the fate of these proteins in Tat secretion mutants is cur-
rently unknown. In this report, we show that the L.
pneumophila Philadelphia-1 Rieske Fe/S protein PetA is also
membrane associated in the tatB and the tatC mutant, but that
the Tat pathway is indispensable for correct integration of the
signal peptide and anchoring of the periplasmic iron–sulfur do-
main to the membrane.2. Materials and methods
2.1. Bacterial strains, plasmids and growth conditions
Escherichia coli TG1 was used as a host for cloning purposes [15].
Legionella pneumophila ATCC33152, derivatives thereof and E. coli
were grown at 37 C, as previously described [4].
2.2. Cloning of the petA gene
For detection of the PetA protein a C-terminal FLAG epitope tag
was used. The coding sequence for the L. pneumophila PetA protein
(ubiquinol–cytochrome c reductase iron–sulfur subunit, Lpg2705)
was isolated via PCR with the primers 5 0-tacatatgagcgaaatgactgatc-30
(NdeI restriction site is underlined) – 5 0-tattacttgtcgtcatcgtccttg-
tagtcttttgcatcctcacc-3 0 (the FLAG coding sequence is underlined) with
L. pneumophila Philadelphia-1 chromosomal DNA as the template.
After cloning into pGEM-T Easy, the fragment was subcloned as a
NdeI/EcoRI restriction fragment in pMMBN, resulting in pMMBN-
petA. The plasmid pMMBN is a derivative of the pMMB207 plasmid
[16] with an NdeI restriction site introduced at the ATG codon imme-
diately downstream of the tac promoter and with part of the mobA
gene deleted (AgeI digestion). The NdeI site was introduced by site spe-
ciﬁc mutagenesis using the primers 5 0-cacacaggaaacacatatggaattcgag-
ctc-3 0 and 5 0-gagctcgaattccatatgtgtttcctgtgtg-3 0. The plasmids were
transferred to the corresponding Legionella strains by electroporation,
and the following strains were obtained: WT (wild type)/pMMBN-
petA, DB (tatB mutant)/pMMBNpetA and DC (tatC mutant)/
pMMBNpetA.2.3. Isolation of membrane proteins
Fifty millilitre cultures of the Legionella wild-type and tat-mutant
strains containing the plasmid pMMBNpetA were grown overnight.
Cells were harvested by centrifugation, resuspended in 10 ml of lysis
buﬀer (10 mM Tris, 10 mM EDTA, pH 7.5) and subsequently lysed
in a French Pressure cell. After removal of the cell debris by centrifu-
gation (20 min, 12000 · g), the resulting cell lysate was centrifuged for
2 h at 100000 · g. The sedimented membranes were resuspended in
1 ml of 10 mM Tris–HCl, pH 8.0, containing 1% Triton X-100. After
incubation for 1 h at 4 C, the samples were centrifuged for 1 h at
100000 · g. The supernatant, containing the membrane proteins, was
collected. For the membrane extraction experiments, the sedimented
membranes were resuspended in 500 ll of 10 mM Tris–HCl, pH 8.0,
containing either 500 mM KCl, 100 mM Na2CO3 pH 11.0 or 1% Tri-
ton X-100. Upon incubation for 15 min at 4 C, the samples were
recentrifuged for 2 h at 100000 · g. The supernatant was collected
and the pellet of each sample was resuspended in 500 ll of 10 mM
Tris–HCl, pH 8.0, containing 1% Triton X-100, followed by an addi-
tional 15 min incubation at 4 C.2.4. Ubiquinol–cytochrome c oxidoreductase activity assay
For measuring ubiquinol–cytochrome c oxidoreductase activity
membranes were prepared as described above. Membranes were as-
sayed at room temperature in 200 ll of assay buﬀer (50 mM potassium
phosphate pH 7.0, 250 mM sucrose, 0.2 mM EDTA, 1 mM NaN3,
2.5 mM KCN, 0.01% Tween 20) containing 50 lM horse cytochrome
c (Sigma). The reaction was started by adding 2 ll of 50 lM ubiqui-
none 50 (Sigma) and reduction of cytochrome c was monitored in a Te-
can InﬁniteM200 microplate reader at 550 nm versus 539 nm in dual
wave length mode starting from the same amount of membrane pro-teins (1 mg) for all strains [17]. To assess reaction speciﬁcity myxothia-
zol (Fluka BioChemika) and antimycin A (Sigma), inhibitors of the bc1
complex, were added to a ﬁnal concentration of 10 lM. Activity values
were calculated using an extinction coeﬃcient of 21.5 mM1 cm1 for
reduced minus oxidized cytochrome c [18].
2.5. Spheroplast preparation and trypsin sensitivity assay
Precultures of the wild-type and tat-mutant strains containing the
PetA expression plasmid were grown overnight and subsequently di-
luted to an OD600 of 0.5. The cultures were recultivated for 1.5 h
and IPTG was added to a ﬁnal concentration of 0.5 mM to induce
PetA in the diﬀerent strains. After a further 3 h incubation, cultures
were chilled on ice for 30 min and 1.5 ml of cells were centrifuged at
4 C and resuspended in ice-cold PBS. Subsequently, cells were pelleted
at 4 C, washed in 200 ll of 0.03 M Tris–HCl, pH 8.0, 20% sucrose and
0.1 mM EDTA and incubated at room temperature for 10 min. Next,
cells were spun down at 4 C, resuspended in 300 ll ice-cold 0.5 mM
MgCl2 and incubated for 10 min on ice. After removal of the superna-
tant (containing the periplasmic proteins), spheroplastic cells were
resuspended in 300 ll PBS. This suspension was divided into three
equal parts. One part was left untreated, while trypsin (Sigma) was
added to the second part to a ﬁnal concentration of 10 lg/ml. To the
remaining part, ﬁrst Triton X-100 (ﬁnal concentration 1%) was added
and cells were incubated for 5 min. Subsequently, trypsin was added to
a ﬁnal concentration of 10 lg/ml. Next, all samples were incubated at
37 C for 15 min and trichloroacetic acid (Sigma) was added to a ﬁnal
concentration of 20% in order to stop the reaction and to precipitate
the proteins. After centrifugation (10 min, 13000 · g), the protein pel-
lets were washed with acetone, dried and resupended in SDS–PAGE
loading buﬀer.2.6. SDS–PAGE and Western blotting
Samples containing total cell proteins were made from 1 ml culture
by resuspending the cells in 150 ll of SDS–PAGE loading buﬀer.
Expression of the PetA protein was monitored by Western blotting
(12.5% SDS–polyacrylamide gel electrophoresis) and immunodetection
with alkaline-phosphatase-conjugated anti-FLAG antibodies (Sigma).
Visualisation of the proteins was done using the chromogenic substrate
solution NBT/BCIP (Roche Diagnostics) or by means of the Western
Star kit (Tropix Inc.) in case of chemiluminescent detection.
As a control for the isolation of membrane proteins, detection of L.
pneumophila DnaK, a cytoplasmic protein, and LepB (signal pepti-
dase), an inner membrane protein, was performed with antibodies
against E. coli DnaK (kindly provided by P. Mazodier) and LepB
(kindly provided by G. von Heijne), respectively. As a control for
the spheroplast preparation and trypsin sensitivity assay, detection of
L. pneumophila GroEL, present in the cytoplasm of the spheroplasts,
and LepB, a periplasmically oriented inner membrane protein, were
performed with antibodies against E. coli GroEL (Sigma) and LepB,
respectively.3. Results and discussion
3.1. The L. pneumophila Philadelphia-1 Rieske Fe/S protein
PetA
The L. pneumophila Philadelphia-1 Rieske Fe/S protein
(Lpg2705) was predicted to be Tat-dependent in a general
computer screening for Tat substrates based on the conserved
twin-arginine motif [3]. Indeed, this protein shows the con-
served pattern R-R-R-F-L-L in its signal peptide. Based on
the Psort algorithm [19], it is predicted to be located in the in-
ner membrane. This is consistent with the topology of this pro-
tein in many other bacteria [20,21]. Moreover, no obvious
signal peptidase cleavage site is present (Signal P [22]) and
the overall hydrophobicity of the signal peptide is quite high.
Upstream of the petA gene the cytochrome b coding se-
quence (Lpg2704) and the cytochrome c1 coding sequence
(Lpg2703) are found in operon with petA, leading to the
assumption that PetA is a subunit of the bc1 complex.
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served binding sites for the iron–sulfur cluster in their C-termi-
nal domain. Both regions contain a cysteine and a histidine
that form the 2Fe–2S ligand and a second cysteine for the for-
mation of a disulﬁde bond [23]. The two consensus patterns C-
[TK]-H-[LV]-G-C-[LIVSTP] and C-P-C-H-{H}-[GSA] are
found at aa 139–145 (CTHLGCS) and aa 165–170 (CPCHGS)
of Lpg2705, respectively (ScanProsite [24]).
To have an idea about the functionality and the Tat-depen-
dence of the L. pneumophila PetA, an assay for ubiquinol-cyto-
chrome c oxidoreductase activity was performed on membrane
fractions. This approach was used to show Tat-dependence of
the ubiquinol cytochrome c reductase iron-sulfur subunit (or
Rieske Fe/S protein) in Rhizobium leguminosarum [25]. In this
way, we showed that in the L. pneumophila wild type an
increasing amount of reduced cytochrome c was formed in
function of the time, while initially no reduced cytochrome c
was produced in the tatmutants (Fig. 1). However, with a clear
delay, the tat mutants also started with the formation of a
small amount of reduced cytochrome c, indicating that a resid-
ual ubiquinol–cytochrome c oxidoreductase activity is present
(Fig. 1). To show that the activity measured was due to the ac-
tion of the bc1 complex, speciﬁc inhibitors of the bc1 complex
(myxothiazol and antimycin A, 10 lM ﬁnal concentration)
were added to the reaction mixture. No ubiquinol–cytochrome
c oxidoreductase activity could be detected for either of the
three strains, indicating that the residual ubiquinol–cyto-
chrome c oxidoreductase activity of the tatB and tatC mutant
is due to the residual activity of an incomplete Tat system in
the tat mutants. In other experiments with respect to the iden-
tiﬁcation of Legionella Tat substrates it was also shown that
there is some residual activity of Tat-dependent proteins in
the L. pneumophila tatB and tatC mutants, showing that either
the deletion of tatB or tatC is not suﬃcient to completely block
Tat-dependent protein translocation [4].
3.2. PetA is still membrane associated in the tatB mutant and
tatC mutant
In the previous experiment we showed that ubiquinol–cyto-
chrome c oxidoreductase activity was clearly decreased in the
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Fig. 1. Ubiquinol–cytochrome c oxidoreductase activity assay on L.
pneumophila solubilized membrane fractions (inverted membrane
vesicles treated with Tween 20). Reduction of cytochrome c by wild
type (ﬁlled squares), tatB mutant (ﬁlled circles) and tatC mutant (open
triangles) is given as a function of time. The moment at which the ﬁrst
ubiquinol–cytochrome c oxidoreductase activity could be detected for
the wild type was set as time point 0.vation, cellular localization of the L. pneumophila Philadel-
phia-1 PetA protein was studied in wild type and tat
mutants. Therefore, the PetA protein, with a C-terminal
FLAG-tag, was overexpressed in the diﬀerent strains by clon-
ing the petA gene downstream the IPTG inducible tac pro-
moter. After SDS–PAGE of total cell proteins and detection
with anti-FLAG antibodies one protein band was observed,
at a molecular weight of about 25 kDa, which is slightly higher
than the theoretical molecular weight of the precursor form of
23.2 kDa. Although the molecular weight is not an absolute
measure, this indicates that this protein is probably not pro-
cessed by the signal peptidase (Fig. 2).
The Rieske Fe/S protein from the bc1 complex is responsible
for transfering electrons from the Q0 site of the membrane
bound ubiquinol to cytochrome c by swinging its ﬂexible
2Fe–2S region, while the complex itself is held in its place
[26,27]. To perform this function the PetA protein should be
membrane bound. Screening for transmembrane regions in
L. pneumophila Philadelphia-1 PetA reveals only 1 predicted
transmembrane domain, overlapping with its possible signal
peptide. Consequently, this signal peptide must remain unc-
leaved to keep the protein in its membrane anchored state.
These results contradict recent results obtained for PetA of
L. pneumophila strain 130b, where a mature protein band
was visible in the total cell proteins of the wild type, albeit in
very small amounts. However, in this study membrane locali-
zation of both precursor and mature form was not checked [2].
Taking into account that PetA is not processed in L. pneu-
mophila Philadelphia-1, it was no surprise that no diﬀerence
in the total protein pattern of wild type and tat mutants was
detected (Fig. 2). Because homologues of this protein were
shown to be located in the cytoplasmic membrane [20,21]
and PetA was also predicted to be an inner membrane protein
by in silico analysis, total membrane proteins of the diﬀerent
strains were isolated. Western blot analysis using anti-FLAG
antibodies showed that PetA is indeed present in the mem-
brane fraction. Furthermore, again the same protein pattern
for wild-type and mutant strains was shown (Fig. 3a). This
would suggest that PetA is still associated with the membranes
of the tat mutants. No PetA protein could be detected in
the cytoplasmic fraction. Controls for a correct fractionation
were performed using anti-DnaK and anti-LepB antibodies
(Fig. 3a).
Very recently, it was shown that preproteins interact tightly
with a model membrane consisting of only phospholipids and
it was suggested that this interaction constitutes an early step
in protein translocation by the Tat system [28]. Therefore,
we wanted to test how stably PetA is associated with the mem-
brane in the L. pneumophila tat mutants. Membrane fractions
of wild type and tat mutants were treated with a high salt
concentration (500 mM KCl), in order to remove peripheral     wild type tatB mutant tatC mutant 
   1     2           1     2            1     2
25 kDa 
Fig. 2. Western blotting analysis of total cell proteins of L. pneumo-
phila wild type, tatB mutant, tatC mutant containing the PetA
expression plasmid (pMMBNpetA) using anti-FLAG antibodies. For
each strain two diﬀerent clones were tested (1,2).
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   KCl        alkali       Triton       
 S     M      S     M     S     M     
tatB mutant       
   KCl        alkali       Triton       
 S     M      S  M     S     M     
tatC mutant       
   KCl        alkali       Triton       
 S     M      S  M     S     M     
       wild type
25 kDa 
25 kDa 70 kDa 
  Anti-FLAG Ab  Anti-DnaK Ab   Anti-LepB Ab
30 kDa 
M  C  M    C   M    C M  C  M    C   M    C  M  C  M    C   M    C 
 WT ΔB ΔC                      WT ΔB ΔC                           WT ΔB ΔC
Fig. 3. (a) Western blotting analysis of protein fractions of L. pneumophila wild type (WT), tatB mutant (DB) and tatC mutant (DC) containing the
PetA expression plasmid (pMMBNpetA) using anti-FLAG, anti-DnaK and anti-LepB antibodies. Membrane fractions (M) and cytoplasmic
fractions (C) are shown. (b) Membrane extraction with 10 mM Tris–HCl, pH 8.0 containing either 500 mM KCl, 100 mM Na2CO3, pH 11.0 (alkali)
and 1% Triton X-100. The solubilized proteins (S) and proteins in the membrane pellet (M) were detected with anti-FLAG antibodies.
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Fig. 4. (a) Western blotting analysis of spheroplasts of L. pneumophila
wild type, tatB mutant, tatC mutant containing the PetA expression
plasmid (pMMBNpetA) using anti-FLAG antibodies. 1: untreated
spheroplasts, 2: trypsin treated spheroplasts, 3: Triton X-100 and
trypsin treated spheroplasts. (b) Control for the fractionation by
detection with anti-GroEL antibodies. Same order of samples as in a.
(c) Control for the fractionation by detection with anti-LepB
antibodies. Same order of samples as in a.
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tions, alkali (100 mM Na2CO3, pH 11.0), that can disturb
peripheral protein-mediated hydrophobic interactions, and
Triton X-100 (1%), that can extract integral membrane pro-
teins. Because membrane fractions prepared with French pres-
sure cell passage, as described in the Materials and Methods
section, consist of inverted membrane vesicles, two possibilities
exist for the tat mutants: the protein is stably inserted into the
membrane and situated to the outside of the vesicle (corre-
sponding with a membrane-integrated protein situated to the
cytoplasmic side of the membrane) or the protein is peripher-
ally associated with the membrane at the outside of the vesicle
(corresponding with a loosely membrane-associated protein at
the cytoplasmic side of the membrane). In both cases the pro-
tein is accessible for the buﬀers used. The possibility that the
Rieske protein is present at the periplasmic side of the mem-
brane in the tat mutants, either as an integral membrane pro-
tein or peripherally, was not considered because of the
decreased ubiquinol–cytochrome c oxidoreductase activity in
the tat mutants and assuming that a protein with a membrane
anchor is not completely translocated, respectively. Following
the membrane extraction experiment, it was shown that PetA
almost completely remains present in the membrane fraction
after treatment with a high salt concentration and alkali, in
the wild-type and tat mutants. However, in the three strains
PetA can be extracted from the membrane by adding Triton
X-100 (Fig. 3b). This shows that the attachment of PetA is
not protein-mediated and that PetA is stably inserted in the
membrane of tatB mutant and tatC mutant.
3.3. Correct membrane insertion via the Tat pathway
Because of the predicted Tat-dependence of PetA and be-
cause of a clearly decreased ubiquinol-cytochrome c oxidore-
ductase activity in the tat mutants, we suggested a diﬀerent
localization of PetA in wild type and tat mutants. However,
it was shown that PetA is membrane associated in both wild
type and tat mutants. Therefore, we suspected an incorrect
membrane insertion of the protein in the absence of a func-
tional Tat system. To conﬁrm this hypothesis, a protease
accessibility experiment was performed on spheroplasts, as
was recently done to demonstrate the Tat-dependence of thePseudomonas aeruginosa PvdN [29]. Spheroplasts were pre-
pared from the diﬀerent strains after induction of PetA, as
indicated in Section 2. Subsequently, a trypsin sensitivity assay
was performed on these preparations. Cells were treated with
trypsin and after concentration, the protein digest was sepa-
rated by SDS–PAGE, blotted and detected with anti-FLAG
antibodies (Fig. 4a). Intact precursor PetA was observed in un-
treated spheroplasts of L. pneumophila wild type and tat mu-
tants, as shown earlier in case of analysis of total cell lysates
and total membrane protein fractions. In a second control
experiment, Triton X-100 was added to the spheroplasts prior
to adding trypsin. Because of membrane solubilization, maxi-
mal protein degradation was observed in this case. The PetA
protein was degraded to a fragment of about 20 kDa contain-
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It is however surprising that no further trypsin degradation of
PetA occurred, while other proteins seem to be completely de-
graded (data not shown), indicating that conformation of the
protein protected some of the possible cleavage sites. In wild-
type samples treated with trypsin, PetA was degraded to the
same extent as in the control experiment, indicating that the
protein is situated at the periplasmic side of the cytoplasmic
membrane. In spheroplasts from both tat mutants, however,
most of PetA is not degraded, indicating that the protein is al-
most completely situated at the cytoplasmic side of the mem-
brane (Fig. 4a). As a control for the fractionation, the same
samples were detected with anti-GroEL (Fig. 4b) and anti-
LepB (Fig. 4c) antibodies. As GroEL is normally present in
the spheroplastic fraction and LepB at the outside of the spher-
oplasts, GroEL is only degraded in the presence of Triton X-
100, while LepB is also degraded in the presence of trypsin,
in both the wild type and tat mutants (Fig. 4b and c). These
experiments conﬁrm our hypothesis that the PetA protein is
a membrane associated protein with an uncleavable signal pep-
tide and that a functional Tat pathway is required for correct
membrane insertion of the protein. For the P. aeruginosa
PvdN it was shown that the protein is present in the sphero-
plast fraction in both the wild type and tat mutants, but it
was not shown if the protein is located in the cytoplasm or is
also membrane associated in the tat mutants [29].
The fact that PetA is membrane associated in the tat mu-
tants implies that only TatB (in the tatC mutant) or TatC (in
the tatB mutant), possibly in combination with TatA, are suf-
ﬁcient for recruitment of this Tat substrate to the membrane.
In this respect, it would be interesting to examine if PetA still
would be membrane associated in a tatBC double mutant.
Furthermore, correct insertion and translocation of PetA is
dependent on functional TatB and TatC, which implies that
TatB and TatC are not only required for recognition and tar-
geting but also play a role in the actual translocation.
It should also be noted that we may envisage recruitment of
the substrate to the membrane and translocation as two diﬀer-
ent steps, because in the tat mutants, the actual translocation
of PetA across the membrane was arrested after the targeting
of the substrate. Very recently, it was shown in E. coli that un-
folded RR-PhoA can be eﬃciently recognized and targeted by
the TatBC complex, but the actual translocation can not be
completed [30]. Also the Tat-dependent PlcH from P. aerugin-
osa, in which one of the two arginine residues was replaced by
a lysine residue, was still able to associate with the inner mem-
brane without being secreted through the Tat secretion system
[31].
In conclusion, we have demonstrated that PetA is an unpro-
cessed Tat-dependent inner membrane protein in L. pneumo-
phila Philadelphia-1. Furthermore, we have shown that PetA
can associate with the cytoplasmic membrane, but can not
be translocated properly in the absence of TatB or TatC. Con-
sequently, an intact Tat pathway is necessary for correct mem-
brane insertion of this Tat-dependent integral membrane
protein.
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